INTRODUCTION
Alloy 625 is a highly alloyed nickel-base alloy that can provide high strength, corrosion resistance in a variety of environments, and good fabricability and weldability. Because of this attractive combination of properties, Alloy 625 has found wide-spread applications. This section will be followed by a description of the various phase transformations that can take place as a function of time, temperature, and composition.
One of the principal messages that will come out of this review is that the composition range shown in Table I is overly broad. Depending upon the product form, and the desired properties, tighter control of the composition often can be used to help ensure more consistent properties between different heats of Alloy 625. As is usually the case when composition adjustments are made, however, a change that is helpful for one property may be deleterious to some other property. Some of these tradeoffs in composition versus properties will be discussed in the paper. For present purposes, a better way to view the solidification is shown in Figure 2 in a psuedo ternary equilibrium diagram. This is a schematic representation based on the Alloy 718 diagram proposed by Radhakrishman and Thompson (Reference 2). As shown in Figure 2 , the C/Nb ratio dictates the solidification path and the resultant microstructures. Three different paths can be followed.
Path 1, at high C/Nb ratios, leads to the formation of y t NbC with no Laves phase.
Path 2, at intermediate C/Nb ratios, leads first to y t NbC, followed by Laves phase formation at the end of solidification.
Path 3, at low C/Nb ratios leads to y t Laves with no NbC. Table V gives the compositions of a set of 100 pound vacuum induction melts that were used for this investigation.
The DTA tests were conducted on samples weighing approximately two grams that were heated and cooled at a nominal rate of 20°C per minute.
Tungsten was used as a reference material.
The test method generally follows that used by Cieslak and coworkers (References 3, 6 and 8) and the results generally appear consistent with the compositional effects they see in Alloy 625 and other similar alloys Figure 6 shows examples of these localized patches of Delta in a specimen exposed at 2300°F for five seconds. Figure 2 .
If one plotted a vertical section through the first leg of either path, it would look schematically as shown in Figure 7; Figure 9 . irregular shapes and
The M,C and Ma3C6 carbides commonly have blocky, particles.
form as series of separate, discrete grain boundary
The precipitation of grain boundary carbides has been found to be sensitive to the Si content as well as the carbon content. Figure 10 shows the relative amounts of grain boundary carbides seen in a number of Alloy 625 heats after heat treating for 8 hours at 1600°F. At higher carbon levels, above about 0.035%, Si had no effect.
At lower carbon levels, however, carbide precipitation was significantly retarded when the Si contents were below approximately 0.15%. The reason for this strong effect of Si is not clear.
It may be noted in Table VII , and also in the results in Reference 11, that M,C carbides in Alloy 625 contain about 5 wt % Si. This suggests that Si might promote the nucleation of MC, but further work is needed to establish the mechanism. In the practica 4 sense, the results provide a good illustration of how a minor change in chemistry can significantly perturb the phase transformation behavior. Figure 11 and the chemical analysis given in Table III Delta and Laves will also go into solution at 2OOO"F, but much longer annealing times are required. Annealing for 24 hours at 2000°F was necessary, for example, to completely dissolve the rather small quantities of Laves and Delta in the microstructure shown in Figure 11 .
Thermal exposures in the 1400-1800°F range can degrade the ductility and toughness.
This can become evident after even relatively short-time exposures, before Laves and Delta precipitates are formed. ISO-notch impact curves for lower Nb and C Alloy 625 heat annealed at 112O"C/50 min and aged as shown.
ISO-notch impact curves for "normal" Nb and C Alloy 625 heat annealed at 98O"C/50 min and aged as shown.
As expected, reducing the C and Nb content will minimize the formation of the various grain boundary phases, embrittlement.
and improve the resistance to thermal Figure 12 also shows Kohler's thermal embrittlement results with another heat of Alloy 625 in which the C was reduced from 0.03 to 0.011, and the Nb from 3.74 to 3.42 percent.
This leaner composition was still embrittled, but the time to reach the same degree of embrittlement was increased by about a factor of three versus the higher C and Nb heat.
Thermal exposures also can markedly change the microstructures of weld metal or castings.
Even if care is taken to avoid Laves phase in the ascast structure, the enrichment in Nb in the interdendritic regions will lead to accelerated precipitation reactions upon heating. Figure 13 shows an example of Delta precipitation in GTA weld metal after 24 hours exposure at 1600°F.
The Delta often could be seen to be localized in the interdendritic regions of the weld structure. Figure 14 shows the effects of various thermal treatments on the appearance of Delta in this material, versus the T-T-T curve for Delta in wrought material.
In this particular weld the time for Delta formation was reduced by a factor of about 50 versus the wrought material. Returning to the T-T-T behavior, at temperatures in the llOO-1400°F range, the precipitation of y" is the dominating reaction. Alloy 625 was not originally developed as a precipitation hardened alloy, but with sufficient (Nb + Ti + Al) in the composition, significant y" precipitation can take place.
The general features of this reaction are very similar to those seen in Alloy 718, which was designed to be a precipitation hardened alloy. As shown in Table VII, the y" phase is an ordered tetragonal 14/mmm structure that can be described chemically as Ni, (Nb > 0.05, Ti < 0.5, Al < 0.5).
As shown in Figure 15, Alloy 625 is a marginal alloy for precipitation hardening purposes, and the y" precipitation can be markedly altered by small changes in composition. Figure 19 shows Table I , so as to ensure consistent properties on a heat-toheat basis.
To do this successfully, however, requires some consideration of the various trade-offs in properties that may result when such compositional modifications are made.
One step in this process is to consider how compositional changes affect the microstructure. ('I = Ti and Al will be important to strength only if precipitation hardening is employed.
(2) = Some amounts of Ti and Al are helpful to weldability. Minimum levels required are not known.
(3) = If grain boundary carbides are necessary for corrosion resistance, some minimum C and Si levels will be needed. See Figure 10 .
